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We have developed a matrix layer structure, the InGaAs surface structure modified superlattice, to
achieve high quality InAs quantum dots on ~100! InP substrates. Formed by periodically repeating
the group III- and group V-stabilized InGaAs layers, the InGaAs surface structure modified
superlattice offers much greater advantages than the conventional InGaAs matrix layer for the
growth of InAs quantum dots, where a thick InAs layer is required for the dot formation. By
adjusting the number of period and the layer thickness of the superlattice structure, uniform InAs
quantum dots are achieved even using an InAs deposition as thin as 2.5 monolayers.
Photoluminescence measurements further verify a uniform size distribution of the achieved
quantum dots. © 2003 American Institute of Physics. @DOI: 10.1063/1.1618372#Recently, extensive research has been devoted to quan-
tum dot ~QD! nanostructures for their attractive physical
properties expected from the three-dimensional carrier con-
finement. In particular, InP based InAs QDs are attracting
more attentions because of their ability to work as light emit-
ters in the long wavelength ~1.3–1.55 mm! region.1–6 When
forming InAs nanostructures on different matrix layer mate-
rials, such as InGaAs, AlInAs, InAlGaAs, and InGaAsP, both
QDs and quantum wires ~QWRs! were observed under dif-
ferent growth conditions.1–6 However, the mechanism of
morphology control on the QDs formation is not fully under-
stood and requires further investigations.
There are many competing physical effects involving in
the formation of InAs nanostructures on ~100! oriented In-
GaAs matrix layers. In order to form QDs, two important
factors are considered, i.e., the strain field caused by a phase
separation in the matrix layer, and the anisotropic surface
diffusion of the In adatoms.1 Both phenomena prefer the for-
mation of QWRs along the @1¯10# direction. We have shown
that a thick ~9 monolayers! InAs layer and a high growth
temperature can be used to suppress the wire formation.1
However, large, nonuniform QDs achieved under these con-
ditions are not suitable for laser device applications. In this
study, a thin InAs layer was deposited on a matrix layer, the
InGaAs surface structure modified superlattice ~SM–SL!, to
form uniform QDs. The InGaAs SM–SL was formed by pe-
riodically changing the surface structure of the matrix layer
from group V-rich to group III-rich. By properly adjusting
the layer thickness and the number of period of the InGaAs
superlattice, the shape and size of InAs nanostructures can be
adjusted. Photoluminescence ~PL! measurements further
verify that using this technique a uniform QD size distribu-
tion is achievable.
Samples used in this work were grown in a molecular
beam epitaxy ~MBE! system using a valved arsenic cracker
cell on undoped ~100! InP substrates. Right after the desorp-
tion of InP surface oxides at 500 °C, a 3000 Å In0.53Ga0.47As
a!Electronic mail: kycheng@uiuc.edu3180003-6951/2003/83(15)/3183/3/$20.00
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPbuffer layer was grown at 520 °C. Then the InGaAs SM–SL
was grown as the matrix layer at the same temperature. This
structure contains multiperiod group III- and group
V-stabilized InGaAs superlattice layers. Group V-stabilized
layers were grown under an arsenic overpressure of 2
31026 Torr. Group III-stabilized InGaAs layers were grown
under an arsenic overpressure of 731027 Torr, with all
other growth conditions kept identical to group V-stabilized
layers. The number of superlattice periods was varied to in-
vestigate the effects on surface morphology and PL emission.
Following the growth of the SM–SL matrix layer, a layer of
2.5 monolayers ~ML! InAs was deposited at 500 °C. The
growth rate used for InAs deposition was 0.1 ML/s. Both
before and after the deposition of InAs, a 30-s growth inter-
ruption under an arsenic flux was inserted to stabilize the
surface. Finally, a 2000 Å In0.53Ga0.47As layer was grown at
520 °C to cap the whole structure. Atomic force microscopy
~AFM! in contact mode was used to measure the surface
morphology of QD samples without the InGaAs cap layer.
PL measurements were performed at 77 K in a liquid nitro-
gen cooled cryostat using the 514.5 nm line of an Ar1 laser.
A thermoelectrically cooled PbS detector mounted on a 0.5
m spectrometer was used for detection in lock-in mode.
The surface morphology of the InGaAs SM–SL matrix
layer was studied first using AFM imaging. The AFM images
of InGaAs SM–SLs of 1, 3, 5, and 7 period are shown in
Figs. 1~a!–1~d!, respectively. In all samples, each pair of the
superlattices consists of a 20 Å group III-stabilized and a 20
Å group V-stabilized InGaAs layers. The superlattice is
ended with a group III-stabilized InGaAs surface. The switch
from the group V-stabilized surface to group III-stabilized
surface can be monitored through changes of the reflection
high-energy electron diffraction ~RHEED! patterns. When
the arsenic overpressure was dropped, the (432) or c(8
32) RHEED pattern was clearly observed, replacing the
(234) pattern of the group V-stabilized surface. As shown
in Fig. 1~a!, the 1 period InGaAs SM–SL, or a single 20 Å
group III-stabilized InGaAs layer, resulted in a rough surface
without any preferred alignments. With more superlattice pe-3 © 2003 American Institute of Physics
 license or copyright; see http://apl.aip.org/about/rights_and_permissions
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formed, as shown in Figs. 1~b! and 1~c!. Finally, when the
InGaAs SM–SL further increased to 7 period, shown in Fig.
1~d!, clear surface ridges aligned along the @110# direction
can be observed.
AFM images in Fig. 2 show surface morphologies of
InAs nanostructures grown on InGaAs SM–SL matrix layers
mentioned earlier. As shown in Fig. 2~a!, wire-like InAs
nanostructures along the @1¯10# direction were observed on
the 1 period InGaAs SM–SL matrix layer. When the number
of superlattice periods was increased to 3, the InAs nano-
structure consisting of QDs with a large size distribution are
formed, as shown in Fig. 2~b!. A few wire-like nanostruc-
FIG. 1. AFM images of InGaAs surface structure modified superlattice as a
function of the superlattice period: ~a! 1, ~b! 3, ~c! 5, and ~d! 7 period. The
thickness of each layer in the superlattice was 20 Å. The size of the images
is 1 mm31 mm with the vertical axis aligned along the @110# direction.
FIG. 2. AFM images of the InAs nanostructures grown on the InGaAs
surface structure modified superlattice as a function of the superlattice pe-
riod: ~a! 1, ~b! 3, ~c! 5, and ~d! 7 period. The thickness of each layer in the
superlattice was 20 Å. The size of the images is 1 mm31 mm with the
vertical axis aligned along the @110# direction.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIPtures are also visible. Finally, uniform QD nanostructures
without preferred alignments were achieved with 5 period
superlattice, as shown in Fig. 2~c!. When the InGaAs super-
lattices were further increased to 7 period, shown in Fig.
2~d!, QDs coalesced along the @110# direction.
As mentioned earlier, two important factors, i.e., the an-
isotropic surface diffusion of In adatoms and the strain field
caused by phase separation in the matrix layer can greatly
affect the morphology of InAs nanostructures on the InGaAs
matrix layer.1 As a result, QWRs instead of QDs form along
the @1¯10# direction on the group V-stabilized ~100! InGaAs
matrix layer provided that the InAs layer is thin. Surface
studies on MBE grown III–V compounds ~such as InGaAs!
indicate that the (234) reconstructed surface contains As
dimers aligned along the @1¯10# direction.7 On this surface
structure, the migration of In adatoms is preferred along the
same @1¯10# direction.8 The anisotropic surface diffusion of
group III adatoms is generally believed to be one of the main
factors promoting the formation of InAs QWRs on
InGaAs.1,2,5 In contrast, the (432) reconstructed surface
contains As dimers aligned along the @110# direction.9 There-
fore, during the growth of InGaAs on group III-stabilized
surfaces, the adsorbed group-III adatoms will preferentially
align along the same @110# direction.10 Indeed, with the in-
creasing number of InGaAs SM–SL periods, clear surface
ridges aligned along the @110# direction were observed as
seen in Fig. 1~d!. The surface ridges of the matrix layer affect
the formation of InAs nanostructures through the anisotropic
strain relaxation as well as the anisotropic surface migration
of In adatoms during the InAs deposition.11 As a result, InAs
nanostructures grown on an InGaAs SM–SL matrix layer
aligns preferentially along the same @110# direction. On the
other hand, the strain field caused by the phase separation in
the InGaAs matrix layer promotes the formation of InAs
nanostructures aligned along the @1¯10# direction.12 Hence,
by balancing these two surface structure effects using In-
GaAs SM–SL matrix layers, InAs QDs with uniform size
distribution will be formed.
This analysis indicates that, in principle, the
InGaAs SM–SL matrix layer can suppress the QWR forma-
tion along the @1¯10# direction and results in a QD growth
with uniform size distribution. As shown in Fig. 2, the sur-
face morphology evolution as a function of the superlattice
periods supports our postulation. The InAs nanostructure for-
mation on InGaAs SM–SL matrix layers has three growth
modes: the group V-stabilized growth, the isotropic growth,
and the group III-stabilized growth. For samples with 1 and 3
period superlattice, the surface structure of InGaAs SM–SL
matrix layer has a weak preferred alignment, as shown in
Figs. 1~a! and 1~b!. Hence, the growth of InAs nanostruc-
tures follows the group V-stabilized growth mode. The depo-
sition of a thin InAs layer ~2.5 ML! on such a matrix layer
leads to the QWR formation along the @1¯10# direction, as
shown in Figs. 2~a! and 2~b!.1 With the increasing number of
superlattice periods to 5, as shown in Fig. 1~c!, the surface
ridges on the InGaAs SM–SL matrix layer become clear,
which tends to suppress the formation of wire-like nano-
structures along the @1¯10# direction. Under this growth
mode, the balance between the two factors caused by surface
ridges and the phase separation in the matrix layer leads to license or copyright; see http://apl.aip.org/about/rights_and_permissions
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domly distributed QDs were achieved, as shown in Fig. 2~c!.
Further increasing the number of superlattice periods leads to
a growth mode dominated by the group III-stabilized surface
structure. Under this growth mode, the effect due to surface
ridges dominates and causes the coalesced QDs aligned
along the @110# direction, as shown in Fig. 2~d!.
Other than the number of period of the InGaAs SM–SL,
the thickness of each layer in the superlattice can also be
varied to achieve a uniform QDs growth. For example, Fig. 3
shows the AFM images of InAs QDs ~2.5 ML! grown on
surface structure modified bulk ~SMB! InGaAs matrix layers
with different thickness. The SMB matrix layer consists of a
single layer of group III-stabilized InGaAs grown under an
arsenic overpressure of 731027 Torr. The layer thicknesses
of the SMB matrix layers were 20, 50, and 100 Å. Since a 1
period superlattice is actually a bulk material, InAs nano-
structures deposited on a 20 Å SMB matrix layer has the
same image as shown in Fig. 2~a!. InAs QWRs aligned along
the @1¯10# direction are observed. When the thickness of the
SMB matrix layer increased to 50 Å, InAs QDs with a fairly
uniform size distribution have been achieved. However, the
growth of a thick group III-stabilized InGaAs layer ~>100
Å! cannot be sustained due to the formation of group-III
droplets, which leads to a degraded surface morphology as
shown in Fig. 3~b!.
Optical properties of QD samples were investigated us-
ing PL measurements at 77 K. The structures and growth
conditions of these samples are identical to samples used in
the AFM measurements except that these samples have a
2000 Å InGaAs cap layer. Figure 4 shows the PL spectra of
QD samples grown on 1, 3, 5, and 7 period InGaAs SM–
SLs. The shapes of the PL spectra indicate that they all con-
tain multi-Gaussian components. Since the PL spectra re-
mained unchanged even with a low laser excitation powers,
we believe that the multi-Gaussian components are not
caused by the emissions of the excited states, but the ML
fluctuation of QD sizes.13,14 Thus, a narrower linewidth indi-
cates a more uniform QD size distribution. As shown in Fig.
4, the PL spectrum of the QD sample grown on a 5 period
SM–SL has the narrowest linewidth. This result further veri-
fies that InAs QDs grown on a 5 period InGaAs SM–SL
matrix layer has the most uniform size distribution.
In conclusion, a superlattice structure has been devel-
oped as the matrix layer for uniform InAs QD growth on
FIG. 3. AFM surface images of the InAs nanostructures grown on the sur-
face structure modified bulk InGaAs as a function of the layer thickness: ~a!
50 and ~b! 100 Å. The size of the images is 1 mm31 mm with the vertical
axis aligned along the @110# direction.Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP~100! InP. The group III-stabilized InGaAs SM–SL promotes
the surface diffusion on In adatoms along the @110# direction,
which suppresses the quantum wire formation aligned along
the @1¯10# direction. By adjusting the number of period
and/or the layer thickness of the underneath superlattice, the
balance of the surface diffusion of In adatoms along @110#
and the phase separation along @1¯10# on the matrix layer
leads to the formation of uniform QDs from an InAs depo-
sition as thin as 2.5 ML. These features suggest that the
surface structure modified superlattice has great potential in
achieving uniform and high density InAs QDs on InP sub-
strates for device applications.
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